The aerobic decomposition of 3,4',7-O-trialkylquercetins was first reported in this paper. The structures of four new decomposed products were characterized by analyzing the 1D and 2D NMR data, as well as their high resolution mass spectroscopic data. Their antiproliferative activity toward human prostate cancer cells has been assessed through WST-1 cell proliferation assay. The decomposition mechanism was also proposed.
Quercetin, 3,3',4',5,7-pentahydroxyflavone (1 in Scheme 1), is one of the most important dietary flavonoids ubiquitously distributed in fruits and leafy vegetables [1] . Quercetin has proven to possess the potential in preventing and treating various cancers, including prostate cancer, alone or in combination with conventional therapeutics [2] [3] [4] [5] . However, the advancement of quercetin into clinical therapy has been hindered by its poor bioavailability and moderate in vitro potency [6] . Chemical manipulations of five hydroxyl groups in quercetin may warrant further investigation for development of a cancer therapeutic approach. For example, 3,4',7trimethylquercetin has been reported by Beutler et al. to exhibit improved cytotoxicity in the NCI in vitro 60-cell line human tumor screen when compared with quercetin [7] . Very recently, we and another research group have found that 3,7-O-dialkylquercetins showed significantly greater in vitro antiproliferative potency than quercetin toward human prostate and other cancer cell lines [8] [9] .
The alkylations of the five hydroxyl groups of quercetin are extremely challenging due to the competitive generation of a variety of alkylquercetins. Rao et al. first summarized the relative reactivity of the five phenolic hydroxyl groups in quercetin toward methylation as 4' > 7 > 3 > 3' > 5 [10] . The follow-up direct alkylations of quercetin revised the order for the relative reactivity toward etherification reactions as 7 > 3 > 4' > 3' > 5 [8, 9, 11] . The direct alkylation of quercetin always provided a mixture, leading to challenging purification process and very poor yield for the desired derivative, even with the difference in relative reactivity of the five hydroxyl groups. In this paper, we found that aerobic decomposition of the alkylquercetins may pose another challenge for the synthesis of the alkylated derivatives of quercetin.
Employing the procedure described in the literature [12] with a minor modification by changing the reaction mixture concentration from 0.06 M to 0.5 M, we only can achieve the desired 3,4',7-Otrialkylquercetins in a very poor yield [8] , especially for the derivatives with longer and branched alkyl groups. Specifically, treatment of quercetin with 3 equivalents of alkyl halide in the presence of potassium carbonate and DMF at room temperature for 48 hours led to the mixture of several derivatives and a large amount of remaining quercetin. In order to increase the yield of the desired 3,4',7-O-triisopropylquercetin (6) by prolonging the reaction time, quercetin was reacted with 2-bromopropane at room temperature for two weeks under aerobic conditions. To our surprise, this resulted in another new product 2 instead of increased yield for the desired 3,4',7-O-trialkylquercetin (6) (Scheme 1). Scheme 1: Synthesis of decomposed products during alkylation of quercetin (Note: black: quercetin's numbering system; red brackets: systematic numbering) The pure derivative 2 was obtained after subjecting the crude product to PTLC purification. Its HR-ESI-MS exhibited a pseudomolecular ion [M+Na] + peak at m/z 455.1650, corresponding to a molecular formula of C 23 H 28 O 8 Na. Derivative 2 has 4 mass 
units more than that of 3,4',7-O-triisopropylquercetin (6), suggesting that 2 has an additional oxygen atom but lacks a carbon atom when compared with 6. The 13 C NMR spectrum of 2 revealed the presence of 14 signals assignable to aromatic carbons and carbonyls, as well as 6 signals for aliphatic carbons, indicating the absence of the signal corresponding to the C-3 carbon (136.9 ppm) in 3,4',7-O-triisopropylquercetin (6) [8] . The above-listed data imply 2 as the product derived from the aerobic decomposition of 3,4',7-O-triisopropylquercetin (6).
The proposed structure 2 was further confirmed by its IR, 1 H NMR, 13 C NMR, and 2D NMR (HMQC, HMBC and COSY) data ( Table  1 ). The IR absorbance peak at 1735 cm -1 suggests the existence of ester group(s). Its 13 C NMR spectrum shows signals at 164.7 ppm and 169.3 ppm, typical for conjugated ester carbonyl carbons. The signal at  C 164.7 was assigned to C-2 due to its key HMBC correlation with H-2' ( H 7.77, s) ( Figure 1 ); while the signal at  C 169.3 was contributed to C-4 based on its HMBC correlations with the CH of the isopropyl group ( H 4.74, hept, J = 6.0 Hz) ( Figure 1 ).
The aerobic oxidation of quercetin to yield the corresponding phenolic carboxylic acid ester has been reported in the literature, which can be initiated by UVA and UVB radiation [13] , lipid peroxidation [14] , and radical generator AIBN [15] . However, the aerobic decomposition of 3,4',7-O-trialkylquercetins in an oxygendependent process hasn't been reported so far. The formation of 2 can be explained by the mechanism depicted in Scheme 2. Specifically, the 3,4',7-O-triisopropylquercetin (6) was formed from the alkylation of quercetin. The oxygen molecule was added in a concerted process to C-2 and C-4 of the ring C in 6 and the isopropyl group migrated from 3-O to C-4, yielding a five membered ring intermediate 7. Decarbonylation of 7 resulted in the loss of a molecular carbon monoxide, decomposition of ring C, and the formation of two ester groups at C-2 and C-4 in derivative 2.
The effect of the reaction conditions on the formation of the decomposed derivative 2 was then explored. As shown in Table 2 , the isopropylation of quercetin at room temperature under aerobic conditions for 48 hours led to decomposed derivative 2 in 1% yield and its undecomposed counterpart 6 in 3% yield. In contrast, increase of reaction temperature to 60 o C resulted in significantly higher yields for both decomposed derivative 2 (3%) and its undecomposed counterpart 6 (10%). Under argon atmosphere, no decomposed derivative 2 was detected at both room temperature and higher temperature, indicating the aerobic decomposition of quercetin derivatives can be avoided by using anaerobic conditions. The decomposed derivatives 3-5 were also synthesized by treating quercetin with the appropriate alkyl halide under aerobic conditions at 60 o C for 48 h. The data have been reported in our previous paper [8] The antiproliferative effect of the four derivatives 2-5 from aerobic decomposition of 3,4',7-O-trialkylquercetins was assessed toward three human prostate cancer cell lines (PC-3, DU145, and LNCaP) using WST-1 cell proliferation assay according to the procedure described in the Experimental Section. As shown in Table 3 , only derivative 2 showed slight increase in the inhibitory rates against the three prostate cancer cell lines at both 50 µM and 100 µM when compared to quercetin. The decomposed derivatives with bulkier alkyl groups (3, 4, and 5) exhibited equal or slightly lower capability of inhibiting prostate cancer cell proliferation when compared to quercetin. However, it is worth noting that the decomposed isopropyl derivative 2 and isopentyl derivative 3 showed similar inhibitory rate when compared to their undecomposed counterparts 6 and 8 (Table 3 ).
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Natural Product Communications Vol. 11 (4) 2016 467 Experimental General methods: NMR spectra were obtained on a Bruker Fourier 300 spectrometer in CDCl 3 . The chemical shifts are given in δ (ppm) referenced to the respective solvent peak, and coupling constants are reported in Hz. HRESIMS were obtained on a Waters Q-TOF micro mass spectrometer in the positive-ion mode. All reagents and solvents were purchased from commercial sources and were used without further purification. Silica gel column chromatography was performed using silica gel (32-63 µm). Preparative thin-layer chromatography (PTLC) separations were carried out on thin layer chromatography plates loaded with silica gel 60 GF254.
General procedure for the decomposed products from alkylation of quercetin:
To a solution of quercetin hydrate (200 mg, 0.6 mmol) in DMF (1.2 mL) was added anhydrous K 2 CO 3 (248 mg, 1.8 mmol) followed by the appropriate alkyl halide (1.8 mmol). The reaction mixture was allowed to stir at 60 o C for two days prior to being diluted with diethyl ether and ethyl acetate (200 mL in total, 1:1 (v/v)). The consequent mixture was rinsed with brine (20 mL × 5), and the organic layer was dried over anhydrous MgSO 4 , filtered and concentrated in vacuo to give the corresponding crude product. PTLC purification of the respective crude product eluting with 15% ethyl acetate in hexane yielded the decomposed products 2 (7.9 mg, 3% yield), 3 (8.3 mg, 3% yield), 4 (5.4 mg, 2 % yield), and 5 (8.1 mg, 3% yield).
Isopropyl 2-hydroxy-6-((3-hydroxy-4-isopropoxybenzoyl)oxy)-4-isopropoxybenzoate (2)
MP: 48-50ºC. IR (neat): 3421, 3076, 2967, 2919, 1735, 1654, 1618, 1507 cm -1 . 1 H and 13 C NMR: see Table 3 . Hz, 6H), 0.66 (d J = 6.6 Hz, 6H). 13 Hz, 1H), 6.20 (d, J = 2.4 Hz, 1H), 5.77 (s, 1H), 5.00 (hex, J = 6.0 Hz, 1H), 4.52 (hex, J = 6.3 Hz, 1H), 4.32 (hex, J = 6.0 Hz, 1H), 1.89-1.57 (m, 4H), 1.38 (d, J = 6.0 Hz, 3H), 1.30 (d, J = 6.0 Hz, 3H), 1.27-1.13 (m, 2H), 1.04-0.93 (overlapped, 9H), 0.73 (t, J = 6.1 Hz, 3H). 13 6-((3-hydroxy-4-(pentan-3-yloxy) Cell culture: All cell lines were initially purchased from American Type Culture Collection (ATCC TM ). The PC-3 prostate cancer cell line and the LNCaP prostate cancer cell line were routinely cultured in RPMI-1640 medium supplemented with 10% FBS and 1% penicillin/streptomycin. Cultures were maintained in 5% carbon dioxide at a temperature of 37 o C. The DU-145 prostate cancer cells were routinely cultured in Eagle's Minimum Essential Medium (EMEM) supplemented with 10% FBS and 1% penicillin/ streptomycin.
Sec-Butyl 4-(sec-butoxy)-2-((4-(sec-butoxy)-3-hydroxybenzoyl) oxy)-6-hydroxybenzoate (4)

Pentan-3-yl 2-hydroxy-
WST-1 cell proliferation assay:
PC-3, DU-145, or LNCaP cells were plated in 96-well plates at a density of 3200 each well in 200 µL of culture medium. The cells were then treated with quercetin, or synthesized quercetin derivatives separately at 2 different doses of 50 µM and 100 µM for 3 days, while equal treatment volumes of DMSO (0.25%) were used as vehicle control. The cells were cultured in a CO 2 incubator at 37 o C for three days. 10 µL of the premixed WST-1 cell proliferation reagent (Clontech) was added to each well. After mixing gently for one minute on an orbital shaker, the cells were incubated for additional 3 hours at 37 o C. To ensure homogeneous distribution of color, it is important to mix gently on an orbital shaker for one minute. The absorbance of each well was measured using a microplate reader (Synergy HT) at a wavelength of 430 nm.
